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SUMMARY 
Electrochemical filtration systems were developed to evaluate the removal 
efficiency and inactivation performance of bacteria with carbon nanotube (CNT) filter 
and graphene filter. Results indicated that the predominant removal mechanism of 





 cells/ml). The electrochemical operation (applied voltages 
were 1V, 2V and 3V) improved the removal efficiency significantly, reaching to 
completely removal especially under 3V. In addition, SEM and viability analysis 
exhibited that the applied voltages could improve the inactivation efficiency of 
bacteria held on the membranes. Complete removal could achieve even under high 
influent bacterial concentration, which showed that CNT filter has excellent future 
expects for water and wastewater disinfection treatments. Number of bacteria in 
effluent met the regulated levels given by PUB and WHO (Escherichia Coli shall not 
be detectable in any 100 millilitre drinking water). However, relatively lower removal 




 cells/ml) raised doubt 
about the practical application of CNT filter on drinking water disinfection treatment.  
The removal of total DNA and specific genes were also investigated with CNT 
and graphene filters. For the DNA removal, regardless of different influent 
concentrations and type of filters, the system could reach to breakthrough status 
within 10~15 min. The electrochemical operation didn’t show improvement on the 
DNA removal. The highest log removal of 16S rRNA gene and ermB gene could 
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reach to near 3.5 and 5.0, respectively. The predominant removal mechanism of CNT 
filter towards DNA fragments was physical adsorption. This finding could indeed 
make CNT adsorption as a promising alternative in order to reduce the potential 
environmental risks of the antibiotic resistance genes.  
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Chapter 1  INTRODUCTION 
1.1 Carbon Nanotubes 
Waterborne diseases resulting from spread of pathogens are a major public health 
concern in developing countries and have resulted in millions of deaths each year. 
There is an urgent need to develop efficient and cost-effective water treatment 
technologies. Innovations in research and development in nanomaterials, which is 
nanoconstructed and can be applied to nanofiltration water treatment process, may 
provide solutions.  
Since the first discovery in 1991, carbon nanotubes have been considered as 
potential environmental remediation nanomaterials in point-of-use water treatment 
technologies due to their unique properties, such as high surface area, high thermal 
and electrical conductivity, large length/diameter ratio, improved mechanical 
flexibility and strength (Rahaman et al. 2012). For example, CNT surface areas were 
quantified with a range of 50~1,000 m
2
/g (Vecitis et al. 2011).  
CNT has been suggested as effective adsorbents for organic compounds. Studies 
showed that electrochemically active multi-walled carbon nanotubes (MWNT) were 
capable of adsorptive removal and oxidative of aqueous dyes and anions (Vecitis et al. 
2011). Carbon nanotubes could be served as enhancing additives for inactivation of 
removed pathogens (Rahaman et al. 2012). Carbon nanotube filters are expected to be 
renewable, as they could be regenerated by simple chemical or thermal treatments 
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(Brady-Estévez et al. 2008). Furthermore, electrochemical inactivation of pathogens 
in water treatment process has been regarded as optimum alternative to conventional 
water disinfection process. 
 
1.2 Water Disinfection for Bacterial Removal 
A common indicator for water pollution is fecal bacterium Escherichia Coli (E. 
coli), which is related to many waterborne diseases (Srivastava et al. 2004). 
Especially for drinking water piped for human consumption, number of Escherichia 
Coli must comply with specified standards or regulations. Based on the Environment 
Public Health (Quality of Piped Drinking Water) Regulations 2008 issued in 
Singapore, Escherichia Coli (or alternatively, thermotolerant coliform bacteria) shall 
not be detectable in any 100 milliliter drinking water (NEA 2008). Same regulation 
level can be found in WHO drinking water quality guidelines (WHO 2011). 
Disinfection is an effective barrier to water-borne pathogens especially bacteria 
during wastewater and drinking water treatment. Chlorine, ozone and UV light are the 
commonly used disinfectants in water and wastewater facilities to inactivate bacteria 
(Macauley et al. 2006). Among them, chlorine is the primary disinfection technology 
used in wastewater and water treatment facilities in the United State. Free chlorine is 
capable to inactivate pathogens and reach 2.2~3.4 log reduction with a chlorine dose 
of 30 mg/L (Baquero et al. 2008). Some research results indicated that an effective 
chlorine dose of 100 mg/L could achieve complete removal of both antibiotics and 
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bacteria (Baquero et al. 2008, Qiang et al. 2006). However, the ammonia present in 
wastewaters might rapidly compete for free chlorine to form monochloramine. The 
main disadvantage of chlorine is the generation of toxic chlorinated disinfection 
by-products (DBPs). Also, bacteria injured by disinfection process may survive and 
re-grow at low chlorine doses (Rizzo et al. 2013).  
Ozone is a powerful oxidant and has many uses in water treatment. The 
mechanism of bacterial disinfection by ozone is thought to be linked to the damage to 
cell membrane, nucleic acids and certain enzymes (Paraskeva and Graham 2002). 
Design of ozone disinfection is usually based on the CT concept, which is defined as 
the product of residual ozone concentration (C in mg/L) by the hydraulic contact time 
(T in minutes) (USEPA 1999). Experimental result from Macauley et al presented that 
an ozone dose of 100 mg/L could obtain a 3.3~3.9 log reduction of total bacteria, but 
around 1.1~1.8×10
4
 cfu/ml bacteria still survived ozone treatment (Macauley et al. 
2006). High concentration of ozone may accelerate self-decomposition of ozone and 
cannot enhance the bacterial removal efficiency (Macauley et al. 2006).  
Ultraviolet light (UV) has been widely accepted for water and wastewater 
disinfection. Either low- or medium-pressure UV technology has been applied in 
more than 2,000 wastewater treatment plants worldwide (Kalisvaart 2004). UV light 
has been proved to be a clean and effective alternative to those disinfection choices 
that use chemicals such as chlorine, ozone (Kalisvaart 2004). Previous research 
indicated that bacteria inactivation efficiency of 3.4~4.2 log could be attained by 
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using UV dose of 220~770 mJ/cm
2
, which reduced the number of bacteria to less than 
1,000 cfu/ml (Macauley et al. 2006). Additionally, UV does not produce DBPs. 
However, UV disinfection is limited mainly due to its high energy consumption 
(Baquero et al. 2008, Macauley et al. 2006). A previous study showed that a UV dose 
of 170~300 mJ/cm
2
 could achieve a higher efficiency of bacteria inactivation 
(Macauley et al. 2006).  
Each of the existing disinfection process has its pros and cons, and therefore the 
selection of a suitable technology in the treatment chains depends on a number of 
considerations including source water quality, treatment capacity, and also the residual 
effluent toxicity (Lazarova et al. 1999).  
 
1.3 Antibiotic Resistance Genes—Emerging Contaminants 
Antibiotic resistance genes have been frequently detected in various 
environmental compartments including wastewater, lagoon water of animal 
production areas, surface water, groundwater and even drinking water systems as well 
as sludge, soil and sediment (Gao et al. 2012). Antibiotic resistance genes are 
considered as “emerging environmental contaminants” for the public health problems 
resulted from the widespread dissemination of ARGs (Pruden et al. 2006, Rysz and 
Alvarez 2004, Zhang et al. 2009).  
Usually, antibiotic resistance bacteria and genes emerge under the selection 
pressure of antibiotics, when the pressure imposed by antibiotics has been removed, 
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the selection for antibiotic resistance genes will not cease to exist, which is the reason 
for ARG to be labeled as “easy to get, hard to go” pollutants (Aminov and Mackie 
2007). ARGs often can be detected in apparently antibiotic-free environment, which 
may be due to the low level pre-existing natural gene pool (Aminov and Mackie 
2007). Another reason may be related to the previous strong antibiotic-driven 
selection and integration of antibiotic resistance genes into the bacterial phenotype 
(Aminov and Mackie 2007). Additionally, the wide occurrence of ARGs may be the 
consequence of co-selection of antibiotic resistance genes by other factors such as 
heavy metals (Aminov and Mackie 2007).  
 
1.4 Objectives 
The main purpose of this study was to evaluate the removal efficiencies of 
electrochemical CNT filters towards bacteria removal. In addition, this study aimed to 
examine the inactivation performances of CNT filters on E.coli with various applied 
voltages. Besides bacteria, the study explored the removal efficiencies of 
electrochemical CNT filters for bacterial DNA as well as antibiotic resistance genes. 
The results could provide valuable information for the development of novel 
disinfection technology in water and wastewater treatment.  
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1.5 Scope 
The scope of this study was to determine the removal efficiencies of 
electrochemical CNT filters for E.coli cells and genes. Effects of influent E.coli 
concentrations, voltages and operation conditions were examined. Then, genomic 
bacterial DNA was extracted from E.coli cells, and the effect of influent DNA 
concentrations, anode and cathode setup, effect of different type of membranes were 
tested. Finally, the removal performances of CNT filter towards 16S rRNA genes and 
ermB genes were investigated.  
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Chapter 2  LITERATURE REVIEW 
2.1 Carbon Nanotubes 
2.1.1 Different Types of Carbon Nanotubes 
Depending on the manipulation of nanostructure during manufacture and 
chemical functionalization process, CNT are typically categorized as single-walled, 
double-walled and multi-walled.  
The CNT contains one layer of a cylindrical graphite sheet is called single-walled 
carbon nanotubes (SWNTs), as shown in Figure 1(a). Several SWNTs with different 
diameter concentrically nested together is called multi-walled carbon nanotubes 
(MWNTs) (Figure 1(b)) with adjacent shell separation close to 0.34 nm (Popov 2004). 
These rolled structures of CNT are only few nanometers in diameter, but the length 
could reach to tens of microns (Choudhary and Gupta 2011). MWNTs do not exhibit 
metallic characteristics of SWNTs, instead of displaying the semiconducting 
properties of bulk graphite (Mauter and Elimelech 2008). Double-walled carbon 
nanotubes (DWNTs) as illustrated in Figure 1(c) are the smallest MWNTs with 
exactly two concentric layers of nanotubes. DWNTs demonstrate intermediate 
properties between those of SWNTs and MWNTs, also there are semi-conducting and 
may behave like metals (Green and Hersam 2011, Tison et al. 2008).  
Many theoretical studies have confirmed the presence of inter-wall interaction 
and showed that CNTs tend to aggregate together as bundles due to Van der Waals 
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force interactions along the length axis (Pan and Xing 2008, Tison et al. 2008). The 
aggregation potential is prone to reduce with increasing number of walls (Liu et al. 
2013). Generally, the aggregation follows such an order: single-walled > 
double-walled > multi-walled. In this way, SWNTs commonly exists as bundles or 
ropes while MWNTs are randomly entangled as tubes (Liu et al. 2013). Furthermore, 
because of aggregation, available outer space is reduced while new active adsorption 
sites are interstitial channels and grooves between these tubes in CNT bundles (Liu et 
al. 2013).  
 
 
Figure 1 Schematic diagrams of (a) single-walled carbon nanotubes (b) 
double-walled carbon nanotubes and (c) multi-walled carbon nanotubes. 
 
2.1.2 Applications of CNT in Water Treatment 
Due to the tunable physical, chemical, structural and electrical characteristics, 
carbon nanotubes have been used in nanotechnologies in water-treatment applications, 
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such as adsorption, catalytic reactions, filtration or membrane processes.  
2.1.2.1 CNT as adsorbents 
With hollow and layered structural properties and tunable surface chemistry, 
CNTs have a great potential to become the third generation of carbonaceous 
adsorbents following activated carbons and activated carbon fibers (Liu et al. 2013). 
The inner and outer surface layer of CNTs could be located with active adsorption 
sites.  
In CNT’s adsorption process, several different driving forces come into effect, 
including hydrophobic effect (hydrophobic nature of its outer space, strong affinity to 
nonpolar organic chemicals), π-π coupling (e.g. abundant π electrons on CNT surfaces 
result in a π-π coupling with aromatic pollutants), π-π electron-donor-accepter 
interactions (nitroaromatics as π acceptors and grapheme sheets of CNTs as π donors), 
electrostatic interaction and hydrogen bonding (Liu et al. 2013). Meanwhile, 
functional groups introduced such as –OH, –C=O and –COOH could change the 
surface chemistry of CNTs, making CNTs more hydrophilic and more suitable for 
adsorption of relatively low molecular weight and nonpolar contaminants such as 
phenol (Lin and Xing 2008). Therefore, the strong chemical-CNT interactions, 
tailored surface chemistry, rapid equilibrium rates and high adsorption capacity make 
CNTs a superior adsorbents for a wide range of organic and inorganic compounds in 
practical water treatment.  
2.1.2.2 CNT as catalysts or co-catalysts 
CNTs have been demonstrated as an excellent catalyst-support due to its large 
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specific surface area. Most importantly, CNT could be easily functionalized with 
carbonyl and hydroxyl groups by acidic treatment; uniform porous structure of CNT 
surface reduces the mass-transfer limitations of reactants from solution to active 
catalytic sites; also, CNT could be applied under severe acidic or basic media due to 
its good thermal stability and high resistance (Liu et al. 2013).  
Previous researchers have synthesized nanostructured assemblies composed of 
TiO2 and either single- or multi-walled carbon nanotubes. Reactivity tests showed that 
electrons could shuttle from TiO2 particles to CNTs during phenol oxidation, thereby 
providing better dispersion and support of TiO2 particles and increasing the reactive 
surface area of the catalyst (Yao et al. 2008). Additionally, SWNTs performed better 
than MWNTs due to the more interphase contact at the TiO2 surface (Yao et al. 2008).  
2.1.2.3 CNT filters for membrane purification 
Membrane purification processes have been widely used in water treatment 
facilities. Microfiltration, ultrafiltration, nanofiltration, and reverse osmosis are the 
promising technologies among the membrane purification (Gupta 2001). Studies have 
demonstrated that CNTs are alternative materials to achieve high effluent quality 
owing to its strong antimicrobial ability, electrical conductivity and so on (Liu et al. 
2013). Studies showed that the highly purified single-walled carbon-nanotubes exhibit 
strong antimicrobial activity via severe membrane damage and subsequent loss of 
viability (Kang et al. 2007). Increasing ionic strength and addition of divalent salts 
may reduce the electrostatic repulsion between viral particles and SWNT surfaces, 
enhancing high virus adsorption to the depth filter (Brady-Estévez et al. 2010). 
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Although MWNTs are not effective in cell activation compared to SWNTs, MWNTs 
exhibit significantly higher viral removal on a per unit mass basis. Therefore, the 
antimicrobial ability of SWNT or MWNT is mainly through size exclusive effect. 
Furthermore, CNT filter can be cleaned repeatedly by ultra-sonication or autoclaving 
(Liu et al. 2013). Then, the filter obtains its full filtering capacity after regeneration.  
 
2.2 Antibiotics and Antibiotic Resistance Genes (ARGs) 
2.2.1 Antibiotics 
Antibiotics are routinely used in the livestock industry for therapeutic treatment 
and disease prevention. In addition, sub-therapeutic concentrations of antibiotics are 
commonly added to animal feed and/or drinking water sources to improve efficiency 
and promote growth (Chee-Sanford et al. 2009). Commonly veterinary and 
aquaculture antibiotics include tylosin, β-lactams, tetracycline, and sulfonamides (Luo 
et al. 2010). The World Health Organization has declared the emergence of 
antimicrobial resistance as a complex problem driven by many interconnected factors 
(WHO 2012). China is the largest antibiotics producer and consumer in the world. 
Based on a survey results in 2007, the estimated annual antibiotics production in 
China reached to 210,000 tons with 180,000 tons utilized in agriculture and medicine 
(Hvistendahl 2012).  
However, a significant fraction of antibiotics feed to animals (25~75%) are 
excreted unaltered in feces and persist in soil after land application. Large quantities 
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of antibiotics are released into the natural water environment in treated water effluent, 
soil and sediment, leading to increasing concerns regarding their contribution to the 
presence and persistence of resistance in populations of both pathogenic and 
non-pathogenic microbes (Auerbach et al. 2007). These antibiotics may exert 
selective pressure for resistant bacteria, which is a major public health concern due to 
the increased occurrence of associated clinical infections (Luo et al. 2010). There is a 
growing body of evidence from the past 35 years demonstrating that the rise and 
spread of associated resistance genes as well as the direct transfer of 
antibiotic-resistant bacteria from animals to humans are closely related with the farm 
antibiotic use (Zhu et al. 2013).  
2.2.1.1 Erythromycin 
Erythromycin was introduced as the first macrolide antibiotic since 1952. 
Erythromycin is produced by Saccharopolyspora erythraea and has a moderate 
spectrum of activity, which can be used to treat acute upper and lower respiratory tract 
infections, chronic pulmonary infections due to a variety of Gram-positive and 
Gram-negative bacteria (Roberts 2008, Roberts et al. 1999). Erythromycin mainly 
exerts its antibacterial effect by stimulating dissociation of the peptidyl-tRNA 
molecule from the ribosomes during elongation, leading to the inhibition of protein 
synthesis (Roberts et al. 1999).  
2.2.1.2 Mechanisms of Erythromycin Resistance 
Erythromycin resistance of bacteria could be either active or passive. Active 
resistance is the result of a specific evolutionary pressure to adapt a counterattack 
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mechanism against erythromycin (Wright 2005). Passive resistance is led by general 
adaptive processes that are not necessarily linked to a given class of antibiotic (Wright 
2005). 
Bacteria achieve active erythromycin resistance through three generally 
recognized mechanisms: rRNA methylation, efflux-mediated resistance and macrolide 
inactivation (Roberts 2008, Roberts et al. 1999, Wright 2005). Resistance to 
erythromycin is mainly mediated by methylation of the ribosomal target by erm 
(erythromycin ribosome methylase) family gene, which encode the adenine-specific 
N6-methyltransferases at position 2058 of 23S rRNA (Harimaya et al. 2007) and 
prevent the action of the antibiotic by steric hindrance. erm resistance gene is divided 
into two types: constitutive (leading to phenotypic resistance to erythromycin and 
lincosamides) and inducible (leading to phenotypic resistance to erythromycin and a 
D-shaped inhibition zone around lincosamide discs) (Haenni et al. 2011). It means 
that ermB-positive strains could show cross-resistance to macrolide, lincosamides, 
and streptogramin B compounds (MLSB phenotype) (Aktas et al. 2007). The erm 
genes are one of the common resistance genes of MLSB and 32 classes of erm genes 
isolated from different genera of bacteria have been identified and sequenced (Chen et 
al. 2007). In addition, erm genes are the most common resistances genes acquired by 
bacteria and the only genes found in anaerobic microbes conferring resistance to 
MLSB (Chen et al. 2007). 
The two other main mechanisms of erythromycin resistance are efflux pumps 
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encoded by the mefA gene and inactivating enzymes, such as mphC and lnuD. 
2.2.2 Antibiotic Resistance Genes (ARGs) 
Because of the direct selection pressure that antibiotics exert on organisms 
carrying antibiotic resistance genes (ARGs), the transport pathways of 
antibiotic-resistant microorganisms and the ARGs that they carry are expected to be 
similar to the pathways of antibiotic pharmaceuticals. In fact, it is likely that ARGs 
persist further in the pathway, considering that in many cases they are maintained in 
the microbial populations even after the antibiotic selection pressure has been 
removed. 
The selection pressure of antibiotics present above a certain concentration against 
the microbial biocoenosis is an important factor in the selection and spread of 
resistant bacteria (Kümmerer 2004). Bacteria have developed different mechanisms to 
render ineffective the antibiotics used against them. The genes encoding these defense 
mechanisms are located on the bacterial chromosome or on extrachromosomal 
plasmids, and are transmitted to the next generation (vertical gene transfer) (Schwartz 
et al. 2003). Genetic elements, such as plasmids, can also be exchanged among 
bacteria of different taxonomic affiliation (horizontal gene transfer) (Martinez 2009, 
Schwartz et al. 2003). Horizontal gene transfer could be achieved by conjugation 
through two suitable bacterial cells direct contact, transduction using bacterial viruses 
as a gene vehicle, or transformation when resistant plasmid DNA is transferred into 
bacteria (Kim and Aga 2007, Schwartz et al. 2003). There is extensive evidence of the 
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transfer of antibiotic resistance genes in the human intestinal microbiome (Allen et al. 
2010).  
Quantitative measurement of levels of resistance genes is needed. Zhang et al 
investigated the occurrence, abundance and diversity of tetracycline resistance genes 
(Harimaya et al.) in activated sludge samples from 15 sewage treatment plants (STPs) 
and other global locations. Results showed that tetG had the highest concentrations in 
the STPs, followed by tetC, tetA and tetS (Zhang and Zhang 2011). Zhu et al detected 
that top 63 ARGs has enriched 192 to 28,000 fold in the sampling Chinese swine 
farms using in-feed or therapeutic antibiotics, compared with their respective 
antibiotic-free manure or soil-controls (Zhu et al. 2013). ARGs from non-cultured 
antibiotic resistant bacteria, as well as “silent” or unexpressed ARGs, contribute to the 
resistance reservoir and could have the risk to express or horizontally transferred 
under other conditions (Zhu et al. 2013). Most resistance genes found in pathogens 
are acquired through horizontal gene transfer via mobile genetic elements such as 
plasmids (Wright 2010). 
2.2.3 Health Risks of Antibiotics and ARGs 
Each year in United States, 25,000 tons of antibiotics are prescribed, and 
approximately half are used for patients and half are used in animals, agriculture and 
aquaculture (Pei 2006). The long-term exposure to low doses of growth promotion 
antibiotics is the perfect formula for selecting increasing numbers of resistant bacteria, 
resulting in the effectiveness for the treatment of disease in humans (Pei 2006). The 
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major recognized sources of antibiotics to surface water are wastewater treatment 
plants (WWTPs) and land application of sewage sludge and animal manure (Kim et al. 
2010, Yang and Carlson 2003). Pervious research reported that 40% of the cultivable 
E. coli isolated from sewage was resistant to one or more antibiotics and 9.8% were 
resistant to more than three antibiotics (Jury et al. 2011).  
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Chapter 3  MATERIALS AND METHODS 
3.1 Chemicals and Materials 
Erythromycin (bioreagent, purity: ≥850 μg/mg), tryptone (vegetable, for 
microbiology), phenol: chloroform: isoamyl alcohol (25:24:1), chloroform (CHCl3, 
≥99.0%), sodium sulfate (Na2SO4, ≥99.0%) and dimethyl sulfoxide (DMSO) were 
purchased from Sigma-Aldrich (St. Louis, MO). Yeast extract (for molecular biology), 
sodium chloride (NaCl, ≥99.5%), ethanol (96% volume ratio), N-methyl-2-pyrolidone 
(NMP, ≥99.0%) were ordered from VWR (Singapore). All the aqueous solutions were 
prepared with water from an ELGA PURELAB Option System with a resistivity of 
≥18.2 MΩ cm−1 (DI-H2O). 
A total of 5 µm Millipore JMWP PTFE membranes (Billerica, MA) and 
multi-walled CNTs were bought from NanoTechLabs Inc. (Buckeye Composites, 
Yadkinville, NC). The CNTs had a bulk density of 2.1 g/cm3 and were previously 
characterized in detail to have the tube length of 91 ± 21 nm and diameter of 17 ± 9 
nm, in accordance with the dimensional information provided by the manufacturer of 
diameter, <d> = 15 nm and length, <l> = 100 µm.  
 
3.2 Electrochemical CNT Filtration Apparatus Setup 
Experiments were conducted using a modified electrochemical MWNT filtration 
casing as illustrated in Figure 2.  
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Figure 2 Electrochemical MWNT filtration setup. 
(A) Schematic diagram of electrochemical MWNT filtration setup, where 1 is the 
perforated titanium shim cathode, 2 is the insulating silicon O-ring, 3 is the titanium 
anodic ring connected to MWNT, and 4 is the anodic MWNT filter (Vecitis et al. 
2011). (B) Top view of upper layer of filtration casing with anodic and cathodic 
connectors. (C) View of upper piece showing the O-ring and titanium shim cathode. 
(D) MWNT filter composed of 10 mg MWNTs and a 5 μm PTFE. (E) View of 
lab-scale workstation. 
 
A 43 mm diameter polycarbonate Whatman filtration casing was redesigned to 
make simultaneous electrochemical reactions. A perforated titanium shim performed 
as cathode and was separated from anodic part via a silicon O-ring. This was to 
  
30 | P a g e  
prevent possible contact between the anode and cathode, thus avoiding 
short-circuiting of entire set-up. Due to the nature of the set-up, only a 30 mm 
diameter of the membrane was exposed to the influent solution. The effective 
filtration area of the filter was 706 mm
2
, with a total volume of 0.011 ml and 
residence time of ≤0.4 s.  
The anodic MWNT filters were produced by 10 mg MWNTs first suspended in 20 
ml dimethyl sulfoxide (DMSO) with a concentration of 0.5 mg/ml. The MWNT 
suspension was probe sonicated continuously for 15 min. After cooling down to room 
temperature, MWNTs suspension was deposited on PTFE membrane via vacuum 
filtration, resulting in filter loading of around 1.42 mg/cm
2
. The filter was then 
washed by filtering through 50 ml ethanol, 50 ml mixed solution with equal parts of 
ethanol and DI water, and finally 100 ml DI water to fully remove any residual 
DMSO before use. 
Prior to filter operation, the filtration assembly was sealed and tightened to ensure 
that the components in the assembly were pressed closely against each other to 
prevent water leakage. A syringe was then used to inject water into the assembly until 
the top half of the casing was primed with DI water. Air bubbles in the assembly were 
removed as they would have restricted the flow rate of the influent and obstructed the 
intense contact of membrane with the influent. Next, the assembly was connected to a 
continuous peristaltic pump (Masterflex) and DI-H2O was pumped through the filter 
at 1.5 ml/min to rinse and calibrate the assembly, before switching to the solutions of 
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interest at the experiment’s commence. 
 
3.3 Methodology 
3.3.1 LB Broth Preparation 
The ingredients of LB broth are tryptone (10 g/L), yeast extract (5 g/L) and 
sodium chloride (10 g/L). These ingredients were mixed and fully dissolved into 
DI-H2O and adjust pH to 7.0 with 5 M NaOH. For LB agar medium, add agar to a 
final concentration of 1.5% agar (15 g/L). 
3.3.2 Ingredients of Lysis Buffer and TE Buffer 
10 ml lysis buffer includes 9.34 ml TE buffer, 600 μl 10% SDS and 60 μl 
proteinase K. The activity of proteinase K is >600 mAU/ml (1 mAU is the activity 
that is necessary to release folin-positive amino acids and peptides corresponding to 1 
μmol of tyrosine per minute). TE buffer is a commonly used buffer solution in 
molecular biological experiments. The purpose of TE buffer is to solubilize DNA or 
RNA in order to protect it from degradation. 1×TE buffer was made with 10 mM 
Tris-HCl (pH 8.0) and 1 mM EDTA.  
3.3.3 Incubation and Enumeration of Escherichia coli Culture 
The pure E. coli strain was previously isolated from soil samples and stored in 
cold room (4 ℃). 100 µl of original E. coli culture was transferred to 10 ml fresh LB 
broth and incubated overnight at 37 ℃ with a shaking speed of 180 rpm. In the next 
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morning, 100 µl of overnight liquid culture was transferred to a fresh LB broth and 
incubated about 2 hours for sub-culture to maintain E. coli cells at exponential phase.  
In this experiment, OD600 was used to measure the cell density of E. coli at the 
wavelength of 600 nm using a spectrophotometer. Basically, OD600 value of 1.0 
means that there are roughly 10
9
 E. coli cells in each ml liquid culture; the OD values 
are linearly correlated with the cell density. Generally, OD600 is more accurate in the 




cells/ml. Hence, in this experiment, the E. coli sub-culture was measured by 
spectrophotometer and diluted by fresh LB broth until its OD600 reached the range of 
0.1 to 0.5. The final OD600 of E. coli sub-culture was recorded as 0.153, which was 
corresponding to 1.53 × 10
8 
cells/ml. Then we could calculate the dilution factors for 
this suspension from 1.53 × 10
8 
cells/ml to the target concentrations.  
3.3.4 Plate Counting Method (PCM) 
LB agar plates were prepared to measure the total CFU counts before and after 
CNT filtration. An aliquot of collected liquid samples were evenly spread on LB agar 
plates. If the cell densities of the influents were too high, the liquid samples were 
diluted by fresh LB broth several times, and then spread on plates. After spreading of 
plates, they were incubated for 24 hours at 37 ℃ for CFU counting. Blanks and 
triplicates are applied in this PCM. 
With the recommendation from ASTM (Sutton 2011), if no colony was formed, 
the result could be reported as 1 CFU in the PCM method. In this PCM experiment, 
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100 µl of suspension was spread on the surface of agar plate, and therefore the 
estimated CFU density would be recorded as 10 CFU/ml if there were no colony 
forming on the agar plate. Therefore, 10 CFU/ml was the lower detection limit for 
total cell density in this PCM method.  
3.3.5 SEM Method 
Field Emission Scanning Electron Microscopy (FESEM) was conducted using 
Zeiss FESEM Supra 55VP and ImageJ (NIH) software was used to analyze the 
obtained electron micrographs. 
3.3.6 DNA Extraction with Phenol/Chloroform 
Two DNA extraction methods were chosen to compare and optimize to obtain the 
better way for harvesting DNA sample with high efficiency and purity. First, DNA 
extraction for E. coli cells was operated with DNeasy
®
 Blood & Tissue Kit (QIAGEN, 
Hilden, Germany) according to the manufacturer’s instructions. Then, we extracted 
DNA from E. coli cells via traditional phenol/chloroform method based on the 
protocol mentioned in following texts. NanoDrop
™
 was used to measure the extracted 
DNA concentrations and purities. The extracted DNA samples were stored in -20 ℃. 
The following protocol was used to extract DNA via traditional 
phenol/chloroform method:  
1) A total of 15-20 ml the overnight E.coli culture (grown in LB Broth medium) was 
transferred to centrifuge tube, centrifuged at 10,000 g for 10 min to pellet the cells. 
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2) Supernatant was discarded and 600 μl lysis buffer was added and mixed well. The 
solution was incubated in water bath at 70 ℃ overnight. 
3) Sample was transferred to 1.5 ml microfuge tube and equal volume of phenol: 
chloroform: isoamyl alcohol 25:24:1 (~600 μl) was added and centrifuged at 12,000 
rpm for 10 min. 
4) The upper aqueous phase was transferred to a new 1.5 ml microfuge tube. The 
white precipitation between the layers should be avoided. Such a procedure was 
repeated (step 3~4) until white protein layer disappears. 
5) Equal volume of chloroform (~600 μl) was added to the transferred upper phase 
and centrifuged at 12,000 rpm for 10 min. 
6) The upper aqueous phase was transferred to a new 1.5 ml microfuge tube. Steps 
6~7 were repeated.  
7) The upper aqueous phase was transferred to a new 2 ml microfuge tube. 
8) One tenth volume of 3 M sodium acetate (~60 μl) was added and 2.0 volume 
(~1.2 ml) of cold absolute ethanol (99.8%, AR, stored at -20 ℃) was added and 
mixed gently and incubate at -20 ℃, overnight. 
9) Samples were centrifuged at 12,000 rpm for 10 min and the supernatant was 
discarded, avoiding the DNA pellet. 
10) A total of 1 ml 70% ethanol was added for washing and mixed gently, and 
centrifuged at 12,000 rpm for 3 min. 
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11) The supernatant was discarded. The remaining liquids were pipetted to avoid 
DNA pellet. Samples were air dried for 15~20 min. 
12) DNA pellet was dissolved in appropriate volume of TE buffer. The volume of TE 
buffer was determined by the desired final DNA concentration and yield.  
3.3.7 Determination of DNA Concentration and Purity 
The concentration and purity of extracted DNA were determined by NanoDrop
™
 
1000 Spectrophotometer (Thermo Scientific, USA). The results were analyzed by 
NanoDrop
™
 1000 Spectrophotometer v3.8 software. NanoDrop measures DNA 
sample up to 3,700 ng/μl with high accuracy and reproducibility, and the detection 
limit is 2 ng/μl.  
1~1.5 μl samples were sufficient to ensure the accuracy of DNA concentration 
determination. The value of concentration in ng/μl was directly displayed based on the 
absorbance at 260 nm. The purity of DNA samples was justified by the ratio of 
sample absorbance at 260 nm and 280 nm (A260/280), ratio of sample absorbance at 
260 nm and 230 nm (A260/230). The ratio of A260/280 of ~1.8 is generally accepted 
as pure DNA; otherwise it may indicate the presence of protein, phenol or other 
contaminants. The ratio of A260/230 is commonly in the range of 1.8~2.2, it may 
indicate the presence of co-purified contaminants if the ratio is appreciable lower.  
3.3.8 PCR and DNA Electrophoresis 
Polymerase chain reaction (PCR) detection assays were used to amplify pure 
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DNA strands using the ability of DNA polymerase and specific DNA primers. In this 
experiment, Platinum
®
 Taq DNA Polymerase was selected due to its relatively higher 
sensitivity, specificity and yield. The target DNA strands were 16S rRNA gene and 
ermB gene. For PCR reactions, volumes of each components and operation 
procedures were operated according to the protocol provided by the manufacture 
(Invitrogen, Life technologies). 
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16s rRNA EUB-338Fw ACT CCT ACG 
GGA GGC AGC 
AG 
180 63.0 (Wright et 
al. 2008) 
EUB-518Rv ATT ACC GCG 
GCT GCT GG 
ermB ermB-Fw GGT TGC TCT 
TGC ACA CTC 
AAG 
191 65.0 (Koike et 
al. 2010) 
ermB-Rv 
CAG TTG ACG 
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The following components shown in Table 2 were added to a sterile 
microcentrifuge tube. The final volume of a single tube was 25 µl. Incubated tubes in 
a thermal cycler at 94 ℃ for 2 min to completely denature the DNA templates and 
activate the enzyme. Then, performed 35 cycles of PCR amplification as follows: 
denature at 94 ℃ for 30 s, anneal at 60 ℃ for 30 s, extend at 72 ℃ for 30 s. 
Maintained the reaction at 4 ℃ after cycling. The amplifying products of 16S rRNA 
gene and ermB gene were stored in -20 ℃, and after purification, used as standard 
samples in following qPCR analysis. 
Table 2 Components of PCR reaction. 
Components Volume 
10×PCR buffer, minus Mg 2.5 µl 
2.5 mM dNTP mixture 2 µl 
50 mM MgCl2 0.75 µl 
Primer mix (forward primer & reverse primer; 10 µM each) 0.5 µl 
Platinum
®
 Taq DNA Polymerase 0.1 µl 
DNA template 1 µl 
DEPC-water To 25 µl 
  
39 | P a g e  
PCR products and the total DNA extracted from culture were analyzed by agarose 
gel electrophoresis. In this experiment, usually, 2% Ultrapure
™
 agarose solution was 
made (dissolve 1 g agarose in 50 ml 1×TAE buffer). Then Gel red DNA staining dye 
was added into the fully molten agarose solution (5 µl for 50 ml gel, dilution factor 
was 10,000) and 1 µl 6×DNA loading dye (Research Instruments, Singapore) was 
loaded. 5 µl 25 bp DNA ladder (Invitrogen, Life technologies) or DNA sample was 
added into sample wells. The applied power condition and running time were 100 V 
and 45 min, respectively. After finishing gel electrophoresis, E-Gel
®
 Imager systems 
(Life technologies) were used to visualize and obtain the DNA bands images in gel 
under UV light. Expected PCR products of 16S rRNA gene and ermB gene were 180 
and 191 bp, respectively.  
3.3.9 qPCR Analysis 




dye was selected to label the qPCR 
products. SYBR
®
 Select Master Mix for CFX (Applied Biosystems, USA) was used 
as master mix to enable the labeling. This type of master mix can minimize 
primer-dimmer and non-specific amplification and provide maximum brightness for 
fluorescence signal detection. The EUB 338 and EUB 518 primers (AIT Biotech, 
Singapore) were used to detect and quantify total 16s rRNA gene copies. The ermB 
primers (AIT Biotech, Singapore) were used to detect and quantify MLSB resistant 
gene levels, because ermB was the predominant MLSB resistant gene for the 
incubated E. coli strains through previous qPCR tests.  
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Table 1 shows the detailed information of fluorescently labeled primers used for 
qPCR analysis. 
The details of qPCR reaction solutions for 16S rRNA and ermB were shown in 
Table 3. The DNA concentrations of DNA templates were within 50 ng/µl. qPCR 
reactions were conducted in 96-well plates with a final volume of 20 µl. Each reaction 
was run in triplicate for each sample. The reactions were conducted by 
StepOnePlus
TM
 Real-Time PCR System and software (v2.3; Applied Biosystems, 
USA). Reaction conditions were shown in Table 4. 
 
Table 3 Composition of qPCR reaction solutions. 
Chemicals/ reaction 16S rRNA ermB 
SYBR® Green Master Mix for CFX 10 µl 10 µl 
Primer mix (forward & reverse primer; 10 µM each) 0.4 µl 0.4 µl 
DEPC-water 4.6 µl 4.6 µl 
DNA template 5 µl 5 µl 
Final volume 20 µl 20 µl 
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Table 4 Conditions of qPCR reactions. 
Step Temperature Duration Cycles 
UDG Activation 50 ℃ 2 min Hold 
AmpliTaq DNA Polymerase, UP activation 95 ℃ 2 min Hold 
Denature 95 ℃ 15 sec 40 
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Chapter 4  REMOVAL OF E. coli BY 
ELECTROCHEMICAL CNT FILTRATION 
4.1 Introduction 
Escherichia coli (commonly abbreviated as E. coli) is a gram-negative, typically 
rod-shaped and facultative anaerobic bacterium of the genus Escherichia. Some 
pathogenic subtypes of E. coli are known to cause illness around the world (Anderson 
et al. 2006). The natural hosts of E. coli are usually the intestinal tracts of humans and 
other warm-blooded animals (Donnenberg 2002). They are released to environmental 
reservoirs such as sediments, surface waters, and soil through deposition of fecal 
excretion (Anderson et al. 2006, Ibekwe et al. 2011).  
E. coli are widely used as one of the important indicators of fecal contamination 
of waterways in most urban areas (Ibekwe et al. 2011). Due to its fast growth rate and 
low cost of culturing, it is one of the most studied prokaryotic model organisms in 
microbiology studies. For example, E. coli was one of the first organisms to have its 
genome sequenced, and many kinds of antibiotic resistant genes were identified and 
sequenced from E.coli isolates.  
Biological sewage treatment processes are capable to reduce the viable 
concentrations of fecal pathogenic bacteria. However, relatively high numbers of 
bacteria remain in effluents of sewage treatment plants. It was reported that 
approximately 10^2 cfu/ml E. coli and 10^3 cfu/ml Enterococci could be detected, 
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with many orders of magnitude more total viable bacteria present (Jury et al. 2011). 
Conventional water disinfection treatments including chlorine, ozone and ultraviolet 
irradiation could effectively inactivate pathogenic E.coli cells in water. Besides, 
electrochemical disinfection has emerged as a promising alternative to the above 
traditional treatments (Kerwick et al. 2005). Studies have shown that direct 
electrochemical treatment was possible against E.coli cells and the inactivation 
efficiency was mainly dependent on cell configuration, electrolyte, electrode material, 
and other experimental parameters such as flow rate and applied voltage (Kerwick et 
al. 2005).  
In this part of experiment, we selected MWNT as one innovative adsorption and 
supporting material and investigated the variations of bacterial removal efficiencies 
under several specific experimental conditions, such as influent bacteria 
concentrations, applied voltages, flow rates, and types and concentrations of 
background electrolytes.  
 
4.2 Results and Discussion 
4.2.1 Bacterial Removal Efficiencies with Different Influent 
Concentrations and Voltages 
Table 5 shows the results of bacterial removal efficiencies under different influent 
concentrations and applied voltages. The influent bacteria concentrations ranged from 
10^2 to 10^7 cells/ml, and the applied voltages were 0V (without power supply), 1V, 
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2V and 3V. The selected background electrolyte was saline solution (0.9% or 155 mM 
NaCl) and the flow-rate was set as 1.5 ml/min. Number of bacteria in liquid samples 
before (influent) and after (30 min running) filtration process were determined by 
PCM method. All liquid samples including blanks were performed in triplicate.  




















10^7 0 99.998 10^6 0 100 
 1 100  1 99.998 
 2 99.999  2 99.998 
 3 99.620  3 100 
10^5 0 100 10^4 0 99.900 
 1 99.980  1 100 
 2 99.990  2 100 
 3 99.740  3 100 
10^3 0 98.000 10^2 0 90.000 
 1 99.000  1 90.000 
 2 100  2 100 
 3 100  3 100 
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For bacterial influent concentrations in the range of 10^4~10^7/ml, the bacterial 
removal efficiencies were higher than 99%. Among them, no colonies forming after 
30 min filtration indicated that E.coli was removed below detection limit. For 
relatively lower bacterial influent concentration between 10^2~10^3/ml, the 
corresponding removal efficiencies were lower than those under high influent 
concentrations, but still reached over 90%. Relatively lower removal efficiency with 
lower influent bacterial concentration (10^2~10^3 cells/ml) may raise the doubt of 
practical feasibility of CNT filtration on bacterial removal. Accuracy and limitation of 
the bacterial detection method may produce greater deviation on colony counting 
under lower influent concentration. However, extra voltages, e.g. 2 V and 3 V, could 
significantly improve the bacterial removal efficiency, especially under 3 V. 
Considering that the number of bacteria in effluents of sewage treatment plants is 
mainly in the range of 10^2~10^3 cells/ml, electrochemical CNT filtration and 
disinfection still have advantages in practical application. Besides, the CNT filter can 
be cleaned repeatedly by simple ultrasonication and autoclaving (Liu et al, 2013).  
This finding that the filter was capable of complete retention of Escherichia Coli 
was not surprising. Typically, Escherichia Coli has a length of 2 μm to 5 μm and 
width 400 nm to 600 nm (Srivastava et al. 2004). However, the aerial average pore 
diameter of MWNTs was only 93 ± 38 nm (Vecitis et al. 2011). Hence, considering 
this great difference between Escherichia Coli cell and CNT pore sizes, we drew the 
conclusion that Escherichia Coli cells could effectively be removed from the influent 
solutions due to size exclusion. To some extent, the results were consistent with 
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previous studies showing that bacteria removal through CNT filters were mainly due 
to sieving mechanism (Brady-Estévez et al. 2008, Vecitis et al. 2011).  
As for removal efficiencies with specific influent concentration under different 
applied voltages, the results did not show many differences except that 100% removal 
could be obtained when the applied voltages was increased to 2V and 3V. Most 
previous studies have focused on electrochemical processes with voltages ranging 
from 1V to 3V (Brady-Estévez et al. 2008, Kang et al. 2008, Vecitis et al. 2011). High 
potentials above 3.0V will increase energetic consumption in disinfection process. For 
the majority of the experiments conducted at 2V and 3V, the removal efficiencies 
could be improved, which was consistent with the previous experiments. This was 
likely due to the enhanced oxidation performance by the free chlorine radicals 
produced from the NaCl electrolyte. Threshold potential would be around 2.3~2.4 V 
for anodic Cl
-
 production. E. coli cells were subsequently oxidized and removed by 
the produced chlorine radicals (Vecitis et al. 2011).  
Besides, Figure 3 (a) shows the bubbles (circled in red) formation that observed 




 → H2) 




 + O2). Moreover, 
Figure 3 (b) shows the bubbles formed after the experiment (circled in red) in between 
the PTFE membrane and CNT filter. Previous experiments indicated that bubbles 
formation in the filtration process would affect the accuracy of the results, as the 
bubbles were capable of blocking the passage of the solution to pass through the CNT 
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filter. Furthermore, this would reduce the available surface sites on the CNT filter, 
leading to relatively lower removal efficiency of off-flavor compounds. In this 
experiment, even though bubbles formation happened at 3V, the bacterial removal 
efficiency was almost 100%, which mean that the bubbles seemed to pose negligible 
effects on the whole performance.  
 
 
Figure 3 Formation of bubbles of the electrochemical CNT filtration. 
(a) Bubbles formed in the electrochemical CNT filtration case after filtration. (b) 
Bubbles formed in between PTFE membrane and CNT membrane. 
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4.2.2 SEM Results 
Representative scanning electron microscopy (SEM) images of Escherichia Coli 
after contact with electrochemical CNT filter under different applied voltage of 0V, 
1V, 2V and 3V were presented in Figure 4.  
 
Figure 4 Scanning electron micrographs (SEM) of E. coli on the MWNT filter 
after electrochemical filtration.  
Filtration process exposed to applied voltage of (A) 0V, (B) 1V, (C) 2V and (D) 3V. 
 
Under electrochemical filtration at 0V and 1V, the majority of Escherichia Coli 
cells after filtration process were still intact maintaining the expected morphology of 
A 0V- B 1V-
C 2V- D 3V-
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viable E. coli. However, some Escherichia Coli cells become elongated and localized 
regions of cell membrane were oxidatively interrupted.  
This observation was similar to previous study results. SEM images of 
Escherichia Coli in contact with no electrolysis and electrolysis at 1V, 2V and 3V 
suggested that increasing voltages could significantly pose impact on the integrity of 
cell membrane, e.g. electrolysis at 3V caused large discontinuities of the cell 
membrane (Vecitis et al. 2011). This study also suggested that the primary 
electrochemical inactivation mechanism of CNT at 1V and 2V was direct oxidation, 
whereas chemical homogenous oxidants such as Cl·, HO·, or SO4
-
· were involved in 
the indirect oxidation of bacterial cells at 3V (Vecitis et al. 2011).  
Our relatively different results of electrochemical inactivation at 3V may due to 
the improper magnification settings or operations of SEM analysis. More intensive 
experiments related to mechanism could be considered in the further research.  
Although researchers have verified the antimicrobial property of CNTs, the 
hidden mechanisms are still elusive. Based on the hypothesized mechanisms, physical 
damage to membrane causing rupture, disruption of intracellular metabolic pathways, 
generation of reactive oxygen species and oxidative stress are some of the most 
developed explanation of CNTs toxicity (as shown in Figure 5) (Brady-Estévez et al. 
2010, Kang et al. 2008).  
 
  
50 | P a g e  
 
Figure 5 Schematic summary of antimicrobial ability of CNTs (Escherichia Coli 
cell).  
 
Previous reports confirmed that MWNTs exhibit moderate antimicrobial activity 
due to disturbance of metabolism and damage of cell membrane. Large quantities of 
intracellular matter such as DNA display strong sorption affinities to carbon 
nanotubes (Kang et al. 2008).  
4.2.3 Effect of Flow Rates on Bacterial Removal Efficiency 
Figure 6 compares the bacterial removal efficiencies with different flow rates of 
pumped influent and different applied voltages. Escherichia Coli in the influent was 
10^6 cells/ml and the background electrolyte were chosen as 155 mM NaCl solution. 
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Even though the removal efficiency under 0.5 ml/min and 2V was merely 98.4%, 
performances under other proposed conditions with different flow rates and applied 
voltages were excellent with more than 3 log removal.  
Influent flow rates were considered to affect the bacterial loading rate of CNTs. 
High flow rates may lead to large amount of bacterial stacking on the surface of CNTs. 
Therefore, excess loading rate and the accumulation of bacteria were able to 
breakthrough the fragile CNT membrane and cause failure of whole system. But our 
research results were concluded that the flow rates in the range of 0.5-2.0 ml/min 
were still within the loading capacity limit of CNT filter.  
 
 
Figure 6 Bacterial removal efficiency with different flow rates and voltages. 




























































 0.5 ml/min    1.5 ml/min
 1.0 ml/min    2.0 ml/min
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4.2.4 Effect of Electrolytes and Ionic Strength On Bacterial Removal 
Efficiency 
Previous studies have shown that changes in solution chemistry including ionic 
strength could significantly pose impact on the electro-kinetic properties of MWNTs， 
which in turn affects the contact with between MWNTs and influent bacteria. In this 
experiment, NaCl and Na2SO4 were chosen as the background electrolytes for 
comparison. The influent bacterial concentration was set as 10^6 cells/ml. This 
concentration was selected based on several related study on bacterial removal of 
electrochemical filtration (Brady-Estévez et al. 2010, Vecitis et al. 2011).  
The results indicated that the bacterial removal efficiency could reach over 3 log 
removal under all concentrations of NaCl and Na2SO4 (Figure 7). No obvious 
differences were observed when compared those different electrolytes and different 
ionic strengths. Similarly to previous experiment results, the MWNT filter 
performance increased remarkably, attaining complete removal of all influent bacteria 
with the applied voltage of 3V.  
Our experiment results were consistent with previous research to some extent. 
Vecitis et al found that there was a negligible effect of NaCl electrolyte concentration 
(1 mM to 100 mM NaCl) on E. coli inactivation at all electrochemical potentials (1V, 
2V and 3V) (Vecitis et al. 2011). However, one study presented that MS2 viral 
removal improved with increasing ionic strength of NaCl electrolyte from 1 mM to 
100 mM NaCl (Brady-Estévez et al. 2010). Higher ionic strength could enhance 
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charge screening and electric double layer compression, resulting in the reduction in 
repulsive electrostatic forces between the MS2 and MWNT (Brady-Estévez et al. 
2010). The presence of chloride in the electrolyte will increase the cell inactivation 
efficiency generating highly germicidal active chlorine species. However, it may 
produce excess amount of chlorine species, which may have the same major 
disadvantage as chlorine disinfection.  
 
 
Figure 7 Bacterial removal efficiency with different electrolytes and voltages. 
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4.3 Summary 
Electrochemical CNT filtration setup was used to explore the bacterial removal 
performances of CNT filters under different bacterial influent concentrations, different 
applied voltages and different operation parameters including flow rate and electrolyte 
chemistry. Bacterial removal through CNT filters was mainly due to sieving 
mechanism, resulting in almost complete removal of influent bacteria. Extra-applied 
voltages were observed to improve the bacterial removal and inactivation efficiency 
especially when increased to 3V. However, in this experiment, the influent flow rate, 
type and concentration of electrolyte were expected not the main factors of the 
bacterial removal.  
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Chapter 5  REMOVAL OF GENES BY 
ELECTROCHEMICAL CNT FILTRATION 
5.1 Introduction 
For domestic, hospital and industrial wastewater, the sewage collection and 
treatment systems serve an essential role to remove conventional pollutants, including 
suspended solids, organic matters, nutrients (nitrogen, phosphorous), and, to some 
extent, pathogens (Pruden et al. 2013). However, traditional wastewater treatment 
plants (WWTPs) are not designed for the removal of ARGs (Pruden et al. 2013). 
ARGs have been observed to persist in WWTPs effluents at levels well above those 
typical aquatic environments, even following UV disinfection (Auerbach et al. 2007, 
Kim et al. 2010, LaPara et al. 2011).  
In this section of research, the aim was mainly to explore the possibility of 
electrochemical CNT filtration technique applying into the removal of ARGs in 
wastewater.  
Following optimization of DNA extraction, traditional phenol/chloroform 
extraction method was selected to obtain DNA sample from E. coli culture. 
Comparing the difference of total DNA concentration before and after filtration, we 
explored total DNA removal by electrochemical CNT filtration process under 
different influent DNA concentrations, different applied voltages. Also, we compared 
the performance of CNT filter and grapheme-based membrane filter during 
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electrochemical DNA filtration process. As for ARGs, ermB was set as one 
representative target ARG in E. coli cell. PCR and qPCR analysis were applied to test 
the removal of ermB as well as 16S rRNA gene with electrochemical CNT filtration. 
 
5.2 Results and Discussion 
5.2.1 Optimization of DNA Extraction Methods 
First, E.coli DNA were extracted with QIAGEN Blood and Tissue Kit. Figure 8 
presents the comparison of DNA filtration performances using CNT filter and 
graphene-based filter.  
By using electrochemical CNT filter, the effluent DNA concentrations kept 
decreasing from the beginning value of 3 ng/μl. With increasing applied voltages, the 
overall DNA removal efficiency could reach to 100% at the end of the experiment. 
Better DNA removal performances were observed with graphene-based membranes. 
In DNA filtration with graphene-based electrochemical filter, DNA concentration in 
the effluent was maintained below 2.5 ng/μl. Furthermore, when no extra electricity 
was applied, the DNA removal efficiency was kept over 90%.  
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Figure 8 Comparison of the DNA filtration performances with samples extracted 
by QIAGEN Blood and Tissue Kit using (a) CNT filter and (b) graphene-based 
filter.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1.0 ml/min. 
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Electrochemical CNT or graphene-based filtration of DNA samples extracted with 
QIAGEN Blood and Tissue Kit seemed that electrochemical membrane filtration was 
an efficient method to remove DNA. However, after finishing the experiment we 
found that an apparent layer of white precipitation was formed on the surface of CNT 
or graphene-based membrane, as shown in Figure 9.  
 
 
Figure 9 White layer forming after DNA filtration process. 
 
Considering the purity of DNA extracted using this commercial extraction kit, we 
could find that the value of A260/A280 was only in the range of 1.3~1.5, which is 
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lower than suggested value of 1.8. It is speculated that the high amount of impurities 
including protein and other contaminants in DNA samples contributed to the white 
layer formation. Therefore, these impurities stocked the pores of membrane and 
accumulated on the surface. The high removal efficiency results of DNA extracted 
with commercial extraction kit did not reveal the actual performance of 
electrochemical filtration. Hence, the DNA extraction method needed to be optimized 
for the sake of DNA sample with relative high purity.  
Then, we tried to extract DNA with traditional phenol/chloroform method 
(chapter 3.3.3). Results indicated that higher amount of DNA could be obtained with 
high purity. A260/A280 value was about 2.0 and A260/A230 was also around 2.0. So, 
phenol/chloroform extraction method was assumed as one proper method to obtain 
DNA samples for the subsequent experiments.  
5.2.2 Effect of Influent DNA Concentrations on Removal Efficiency 
Figure 10 and Figure 11 depict the DNA filtration performances of CNT filters 
under different voltages (0V, 1V and 2V) with influent DNA concentrations of 9.6 
ng/μl and 20.6 ng/μl.  
For the influent DNA concentration of 9.6 ng/μl, the effluent DNA concentration 
gradually increased to the level that was nearly the same with the influent, which 
called breakthrough status. As for the filtration performances under different applied 
voltages, obvious differences could be found when compared the DNA concentration 
variations under 1V and 2V with those without extra electricity (0V). Effluent DNA 
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concentration under 0V increased to stable values after about 80 min, however, it 
consumed only 50~60 min for the effluent DNA concentration reaching to stable 
status under 1V and 2V.  
Even the influent DNA concentration increased to around 20 ng/μl, the variations 
of effluent DNA concentrations and DNA removal efficiencies were almost same. The 
DNA filtration breakthrough time under 0V, 1V and 2V reduced to 60 min, 40 min 
and 40 min, respectively. In conclusion, the differences among the breakthrough time 
with different influent DNA concentrations showed that the main mechanism of DNA 
removal might be adsorption. Furthermore, electrochemical operations accelerated the 
breakthrough of DNA filtration without any improvement of DNA removal.  
Compared to the enhanced bacterial removal performances of electrochemical 
CNT filters, DNA removal under electrochemical conditions seemed not preferred. In 
fact, the breakthrough time decreased when extra voltages applied, which mean that 
the electrochemical CNT filtration seemed not effective for total bacterial DNA 
removal. Therefore, the predominant mechanism of electrochemical CNT removal 
between bacteria and DNA must be different.  
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Figure 10 DNA filtration performances under different voltages (a) 0V, (b) 1V 
and (c) 2V with influent DNA concentration of 9.6 ng/μl.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min. 
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Figure 11 DNA filtration performances under different voltages (a) 0V, (b) 1V 
and (c) 2V with influent DNA concentration of 20.6±0.2 ng/μl.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min.  
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One relevant adsorption experiment was conducted by adding around 130 ng/ml 
p-DNA into 0.9% NaCl solution with 5 mg/L MWNTs or SWNTs. After shaking and 
incubating for 2 hours at 37 ℃, they tested the concentration of p-DNA in the 
solution. Results indicated that the p-DNA adsorption capacity of MWNTs or SWNTs 
could reach to 4.5 μg/mg-CNT (Kang et al. 2008). Hence, the gradually reducing 
DNA removal efficiency was mainly due to the reduced available MWNT surface 
sites as time passed. To some extent, this experiment verified that the DNA removal 
of CNT filter was attributed to the physical adsorption.  
5.2.3 Comparison of CNT and Graphene-based Filtration 
Graphene exhibits a large specific surface area (2,630 m
2
/g), good thermal 











room temperature, which render it as a good material for electrochemical filtration 
(Novoselov et al. 2004). Previous experiment in our lab has proven that the pure 
graphene membrane had a high electrical resistance of ~4,000 Ω, the optimal ratio of 
graphene: CNT was determined to be 70:30 with lower electrical resistance (~42 Ω) 
and higher electro-oxidation rate. Therefore, the graphene-based membranes in this 
experiment stand for membranes with 70% graphene and 30% CNT particles.  
Figure 12 illustrates the comparison of DNA filtration performances under 
different voltages (0V, 1V and 2V) with CNT filter and graphene-based membrane 
filter. The influent DNA concentration in this group of experiment was around 
18.0~20.0 ng/μl.  
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Figure 12 Comparison of DNA filtration performances under different voltages 
(0V, 1V and 2V) with CNT filter (a, b, and c) and graphene-based membrane 
filter (d, e and f).  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min.  
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In general, no obvious differences were found between CNT filter and 
graphene-based membrane filter. The effluent DNA concentration increased 
dramatically after 10 min operation and finally reached to breakthrough status. 
Compared to pure CNT membranes, addition of graphene particles didn’t present 
significant improvement on electrochemical DNA removal.  
5.2.4 Breakthrough Curves of DNA Filtration 
Furthermore, the breakthrough curves of DNA filtration under different applied 
voltages of by electrochemical CNT filters and graphene filter were examined in this 
experiment, as shown in Figure 13. Overall, the results were similar to the previous 
ones. For the influent DNA concentration of about 20 ng/μl, the breakthrough time 
was around 40~50 min under different applied voltages. 
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Figure 13 Breakthrough curves of DNA filtration under different applied 
voltages of by electrochemical (a) CNT filters and (b) graphene filter. 
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min. 
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5.2.5 Effect of Anode and Cathode on DNA Removal 
In order to test the possible effect of positive and negative charges of CNT on the 
removal of DNA, the anodic and cathodic potentials were applied separately on CNT 
filters. Figure 14 shows the variations of effluent DNA concentrations with CNT as 
anode and cathode under 1V and 2V. There were no changes of the DNA removal 
performances between CNT as anode and CNT as cathode.  
The common structure of DNA fragments was regarded as negative-charged. The 
unexpected results of the effects of anode and cathode on CNT performance were 
slightly improvement of the DNA removal efficiency happened in anodic CNT 
filtration. Previous research found that double-strand DNA could be absorbed onto the 
hydrophobic CNT surface mainly driven by the Van der Waals interactions and the 
hydrophobic nature of exposed bases on ends of double-strand DNA fragments (Lv 
2011). Experimental results showed that extra charge would form hydration shell 
outside the CNT surface, which resulted in the conversion to hydrophilic structure and 
the reduced adsorption between CNT and DNA molecules (Lv 2011). These findings 
may be used to explain why the effluent DNA concentrations showed the same trend 
regarding of the CNT performed as either anode or cathode.  
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Figure 14 Effect of anode and cathode on DNA removal with electrochemical 
CNT filter.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min. 
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5.2.6 Removal of 16S rRNA Genes 
Besides the variations of total DNA concentrations during the electrochemical 
CNT filtration processes, the removal of 16S rRNA genes was also determined by 
qPCR analysis. The variations of effluent 16S rRNA gene copies, removal efficiencies 
and calculated log removal of 16S rRNA gene were shown in Figure 15.  
The influent 16S rRNA gene copies were 4.02E5/μl. The effluent 16S rRNA gene 
copies increased rapidly after 20 min filtration and the maximum effluent 16S rRNA 
gene copies were about 2.57E5/μl without extra-applied voltage, 3.31E5/μl in 1V and 
2.43E5/μl in 2V. In addition, the removal efficiency of 16S rRNA gene copies 
decreased from the beginning nearly 100% to about 35% under different applied 
voltages at the end of this experiment.  
The variations of effluent 16S rRNA gene copies and removal efficiencies exhibit 
the same trend with that of effluent DNA concentration and total DNA removal 
efficiency shown in above experiment. Based on the difference between influent and 
effluent 16S rRNA gene copies, we could calculate the log removal values in this 
filtration process. Results showed that the maximum log removal of 16S rRNA gene 
copies could achieve 3.21, 2.16 and 2.44 under applied voltages of 0V, 1V and 2V. 
However, the log removal of 16S rRNA gene copies dropped to less than 1.0 after 
about 30 min of operation. 
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Figure 15 Variations of effluent 16S rRNA gene copies, 16S rRNA gene removal 
efficiency and log removal of 16S rRNA gene during electrochemical CNT 
filtration.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min.  
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5.2.7 Removal of ARG (ermB) 
Figure 16 presents the variations of effluent ermB gene copies, removal 
efficiencies and calculated log removal of ermB gene in electrochemical CNT 
filtration process. ermB gene was selected as one representative antibiotic resistance 
gene in this experiment. Electrochemical CNT filtration could be regarded as 
promising technology if the removal efficiency or log removal of ermB gene could 
reach to and keep stable at high level.  
The influent ermB gene copies were 2.78E4/μl. The effluent ermB gene copies 
increased gradually during the experiment period and the effluent ermB gene copies 
arrived to about 1.71E4/μl in 0V, 1.64E4/μl in 1V and 1.93E4/μl in 2V, respectively. 
Additionally, the removal efficiency of ermB gene copies decreased from the 
beginning 100% to the range of 30~41% under different voltages at the end of this 
experiment. The variations of effluent ermB gene copies and removal efficiencies also 
exhibit the same trend with that of effluent DNA concentration and total DNA 
removal efficiency observed in previous experiment.  
Similarly, based on the difference between influent and effluent ermB gene copies, 
the log removal values in this filtration process were determined. Results showed that 
the maximum log removal of ermB gene copies at the beginning could achieve 4.73, 
2.15 and 2.23 under applied voltages of 0V, 1V and 2V, respectively.  
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Figure 16 Variations of effluent ermB gene copies, ermB gene removal efficiency 
and log removal of ermB gene during electrochemical CNT filtration.  
Background electrolyte: 10 mM Na2SO4, flow rate: 1 ml/min.  
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5.3 Summary 
In this section of the experiment, we investigated the efficiency of 
electrochemical CNT filtration towards bacterial DNA especially antibiotic resistance 
genes. Different from the sieving mechanism of bacterial removal, the main removal 
pathway of DNA filtration was concluded as physical adsorption. Electrochemical 
operation did not significantly improve the DNA removal performance of CNT filter. 
In addition, for antibiotic resistance gene removal, the maximum log removal of ermB 
gene could reach to 4.73 without extra-applied voltage.  
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Chapter 6  CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
Some interesting and convincible results were obtained from this experiment in 
our study, as listed in the following: 
a). Removal of Escherichia coli cells by CNT filtration was mainly due to the 
sieving mechanism. Complete removal could achieve even under high influent 
bacterial concentration, which showed that CNT filter has excellent future expects for 
water and wastewater disinfection treatments.  
b). Electrochemical operations couldn’t improve the bacterial removal 
performances of CNT filter significantly. However, partial experiment results 
indicated that relatively high removal and inactivation efficiency happened under the 
applied voltage of 3V. 
c). The predominant removal mechanism of CNT filter towards DNA fragments 
was physical adsorption. Adsorption capability was dependent on many factors such 
as the influent DNA concentration, the CNT surface area. 
d). For antibiotic resistance genes, physical adsorption of CNT filter could reach 
to over 4 log removal of ermB genes. This finding could indeed make CNT adsorption 
as a promising alternative in order to reduce the potential environmental risks of the 
antibiotic resistance genes.  
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6.2 Recommendations 
Because of limited time and effort, more intensive and comprehensive 
experiments could be considered in the following research: 
a). Insufficient mechanism study of bacteria inactivation during CNT filtration 
was verified. We only used SEM to observe the morphological changes of bacterial 
cells. More convincing techniques such as live/dead cells assay could be applied in 
future studies to explore the bacterial inactivation efficiency of CNTs.  
b). For the experiment of antibiotic resistance gene removal, we only detected 
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